The present study focuses on the behavior of dust particles in a high temperature gas atmosphere exposed to powerful standing sound waves. Six resonance frequencies within the range of 0-1 000 Hz were chosen for the experiments because they provide high values of sound pressure in the working space. The particles (0.1ϳ80 mm) were produced by evaporating a sample of Zn at temperature about 1 173 K under Ar atmosphere, cooling the Zn vapor and transferring the formed particles to a sonoprocessing chamber for sound exposure. The particle samples were taken at the upper place of the chamber, and the samples were analyzed for size distribution and number density in the gas phase.
Introduction
In steel industry, many processes are accompanied by a formation of large amount of dust carried off from the furnaces together with exhaust gas. The size of dust particles and their content in the gas are known to be strongly dependent on the process conditions. Processes proceeding under higher temperatures (like BOF and EOF) generate very fine particles of submicron or micron sizes. 1) If temperature is relatively low (for example, sintering process), much bigger particles are emitted during the process.
2) It is commonly recognized that the fine particles are produced due to evaporation of materials under very high temperatures, while the big particles have their origin from a dynamic interaction between gas phase and liquid/solid material being processed. Another source of relatively big particles is a part of charged materials carried away by the exhaust gas.
Conventional steelmaking processes involve a number of operations such as injection of gaseous and solid materials into the furnaces where chemical reactions proceed. These processes emit a huge amount of dust particles of very different sizes. The examples of the processes are the converter process with minimum slag, 3) converter process with raised scrap charge 4) and production of stainless steel by the smelting reduction method. 5) Industrial implementation of these processes requires the development of new methods for the decrease in dust emission rate.
The present study concerns with a method of cleaning high temperature exhaust gas based on application of powerful sound waves. It is well known that sound wave exerts dynamic action on dust particles and promotes the particle collision and agglomeration. This phenomenon is named as acoustic agglomeration.
The acoustic agglomeration of dust particles has been long recognized as a method of the dust removal from exhaust gas. Starting with pioneering studies, 6 ,7) a number of both experimental and theoretical works have been performed on the behavior of fine particles in acoustic fields under room [8] [9] [10] or slightly elevated 11) (150°C) temperatures.
The first investigations on application of power sound waves to high temperature metallurgical processes were undertaken in the former Soviet Union. 12) Acoustic generators of Hartmann type designed for the use under high temperature conditions were applied to generate the sound wave within the frequency range of 8-10 kHz into steelmaking converters of pilot and industrial scales. 12, 13) The sound application resulted in a decrease of dust content in exhaust gas as much as 50 % as compared with no sound conditions. In a Hartmann generator, a compressed gas is passed through the generator nozzle to generate a powerful sound wave. Application of Hartmann generators is especially attractive to the processes in which gas is blown into the furnaces. In this case, sound waves can be generated simply by passing a part of the gas through a generator nozzle without any additional energy sources. In the experiments mentioned above, 12) oxygen was served as a working gas of the Hartmann generators which were built in the tip of the converter lance in such a way that the generated sound waves propagated to the molten bath through the gas inside the converter.
Designing the sound generators and using them for removal of dust particles from off gas of high temperature processes requires a detailed and accurate knowledge on the behavior of the particles under various conditions of temperature, sound frequency, particle size, etc. Despite the availability of literature on relationships between particle size and sound wave characteristics mentioned above, application of the published results to high temperature conditions needs experimental verification because the most of the previous studies concerned with the effect of sound wave at room temperatures. In the present study, we investigate the behavior of dust particles in high temperature gas atmosphere exposed to powerful standing sound waves of frequency of 50-1 000 Hz. The sound waves are generated by a powerful loudspeaker fixed at the top part of a vertically arranged experimental setup. In the experiments, zinc particles (0.1-80 mm), condensed from vapor in Ar carrier gas, are used as model particles in order to examine effects of sound pressure and frequency on the size of particles and their content in the exhaust gas. The obtained experimental results are discussed on the basis of the orthokinetic mechanism of the particle agglomeration.
Experimental

Set-up
Experiments were carried out by using a vertically arranged setup shown in Fig. 1 . The set-up consisted of three parts: a high temperature unit, a sonoprocessing chamber and a sound generating unit. Three graphite tubes (I.D. 108 mm, total length 1.5 m) were mounted inside a stainless steel cylindrical shell (O.D. 150 mm). The lower part of the shell was installed inside a resistance furnace. The interior space of the lower graphite tube (hot zone) inside the furnace was heated up to 1 173 K. Ar was used as a carrier gas to transfer Zn particles and/or Zn vapor from the hot zone to the sonoprocessing chamber. Ar gas was introduced into the high temperature zone through four inlet tubes fixed at the bottom lid. The flow rate of Ar gas was measured by a mass flow controller. A graphite crucible (I.D. 60 mm) was put on a vertically movable support.
A graphite perforated disk was placed between the lower and middle graphite tubes in order to separate the sonoprocessing chamber from the high temperature unit. The diameter and thickness of the disk were 120 and 5 mm, respectively. The diameter of each holes of the perforated disk was 2 mm. The holes were drilled at a distance of 10 mm from each other. The holes provide a free passage of Zn particles and Ar gas from the hot zone into the sonoprocessing chamber. The disk served also as a sound wave reflecting surface.
Temperature inside the sonoprocessing chamber was gradually decreased from 1 173 K at the graphite disk to ϳ373 K at the upper part of the chamber. Four side tubes, A, B, C and D of the chamber were used for temperature measurement, gas outlet and dust sampling. The side tubes were equipped at the distances of 0.125, 0.25, 0.375 and 0.7 m from the perforated disk. The lower part of the shell was equipped with another horizontal side tube, E, for loading a Zn sample into the crucible.
The sound generating unit was fixed at the upper part of the stainless steel shell. The unit consisted of a converging stainless steel horn (height 0.9 m) and a powerful loudspeaker which operates in continuous mode at the maximum electrical input power of 250 W at the working frequencies from 20 to 1 500 Hz. The horn together with the sonoprocessing chamber formed the working space of the present setup. A pressure transducer was inserted into the horn through a side tube attached to the horn wall, and thereby the sound pressure inside the sound generating unit was measured at a distance of 0.35 m from the loudspeaker. The distance between the loudspeaker and graphite perforated disk was 1.63 m.
Experimental Conditions
The experimental conditions are summarized in Table 1 .
The experiments have been carried out at a fixed Ar gas flow rate under the conditions of resonance standing wave formed between the loudspeaker diaphragm and perforated disk. It is well known that application of sound wave on a resonance frequency results in a significant increase of sound pressure in the wave. The resonance frequencies were determined prior to the experiments by the following way. The loudspeaker was powered by AC voltage of a constant amplitude but variable frequency. The latter was varied from 50 to 1 000 Hz at 1 Hz interval by using a frequency synthesizer and a programmable GP-IB interface. The sound pressure amplitude was measured by the pressure transducer. The measurement data were stored by a programmable data acquisition processor and processed by a PC. As a result of this procedure, 5-6 peaks in sound pressure were found in the examined frequency range. Figure 2 shows a typical variation of sound pressure amplitude with frequency obtained at a voltage of 10 V. The resonant frequencies, at which the sound pressure amplitude exceeds 100 Pa, are indicated by the arrows in the figure. Under the given measurement conditions, the frequencies were 98, 210, 359, 459, 645 and 991 Hz. It should be noted that the resonance frequencies varied by 2-5 Hz from one measurement to another even being measured at the same conditions. This uncertainty in resonance frequency is supposed to be due to some fluctuations in temperature distribution within the sonoprocessing chamber. Once a resonance frequency was determined, the sound pressure amplitude at the frequency can be controlled by supplying different electrical power to the loudspeaker. In the present experiments, the maximal value of sound pressure amplitude was 2 500 Pa.
Procedure
The furnace was heated up to 1 173 K under an atmosphere of Ar. After keeping the furnace temperature at the constant level over a time of about 30 min for thermal stabilization of the system, the Ar gas flow rate was set at 4.77ϫ10 Ϫ5 Nm 3 /s. About 10 g of pure Zn was loaded into the crucible through the side tube E, and the crucible was moved up to the hot zone. An AC voltage signal of a predetermined amplitude was applied to the loudspeaker terminals to generate a standing sound wave in the preheated working space. In several seconds after the crucible being set at the hot zone, the Zn sample began to vaporize, and the Zn vapor was carried away from the crucible by Ar gas through the perforated disk to the lower part of the sonoprocessing chamber. The Zn vapor condensed into liquid droplets and/or solid particles owing to the temperature drop in accordance with the temperature gradient in the chamber. The liquid and solid particles were exposed to the sound wave during they rose up together with Ar carrier gas to the gas outlet. The time of sonoprocessing was 5 min.
To take the dust particle sample, a stainless steel sampling tube (I.D. 10 mm, O.D. 12 mm, length about 250 mm) was put into the sonoprocessing chamber through the side tube A. The sampling tube was connected to a water-filled bubbler. The particle-loaded gas was injected into the bubbler, and the obtained suspension was used to measure the particle size distribution and total number of particles by a laser particle sizer. Preliminary measurements indicated that this type of sampling was not perfect because supposedly larger particles fell down and stuck to the walls of sampling tube during they flew through the tube. At the same time, very fine particles were carried away from the bubbler together with carrier gas stream. Thereby, the sampling with bubbler tended to give incorrect size distribution in the large and small size ranges, although the medium size distribution could be well acceptable.
To estimate the sizes of relatively large and very small particles, we used an additional technique for sampling. The dust particles were trapped on a quartz plate (1ϫ1 cm) fixed by a supporting rod at the side tubes A-D (Fig. 1 ) so that the plate was located at the center of the sonoprocessing chamber horizontally. The particles trapped on the plate, were analyzed by a SEM for size and shape.
Experimental Results
Determination of Sound Pressure Amplitude in
the Working Space As mentioned in the previous section, the sound pressure amplitude, P s was measured only at one location of the working space at a distance of 0.35 m from the loudspeaker. However, the amplitude of sound pressure is known to vary from its maximum value at the sound wave antinodes to minimum value at the wave nodes. In a standing wave, the nodes and antinodes are spaced at an interval of one forth of the wave length, l, which is dependent on the sound velocity, c, and sound frequency, f according to the relation lϭc/f. 14) This means that the position of the maximum sound pressure is spaced at different distances from the measurement point depending on frequency and temperature, because the sound velocity is a temperature dependent value. Since the following discussion of the experimental results requires the knowledge of the maximum values of sound pressure in the working space, the distributions of temperature and sound pressure over the working space should be considered first.
The temperature distribution was obtained by a fitting of results of measurements performed at the levels of the sam-pling points A-D and near the loudspeaker diaphragm. As a result of the fitting procedure, the following relation between temperature, T, and distance from the perforated disk, z, was derived To predict the sound pressure distribution, we solved the wave equation for various frequencies using the measured values of sound pressure as a boundary condition. It is known 15) that, in the presence of temperature gradient, the wave equation can be given by the following second order differential equation .............. (2) where P s is the sound pressure amplitude, T -is the time-averaged temperature, w is the angular frequency of the sound wave (ϭ2pf ), c is the sonic velocity which for an ideal gas can be expressed in terms of the universal gas constant, R, ratio of specific heats, g, temperature, T, and molecular weight of gas, M, by Eq. (3).
The equation was integrated by using one of the standard subroutines for solving ordinary differential equations available with the Fortran PowerStation 4.0 Software. The boundary conditions imposed were as follows:
2) measurement point: zϭ1.28 m, P s ϭP s,exp
The first condition follows from the well known fact that location of rigid surface, reflecting a sound wave, is always coincident with a sound pressure antinode of the wave. The second condition equates the calculated and measured values of P s at the point of zϭ1.28. Figure 3 shows the calculated variations of sound pressure amplitude with distance from the perforated disk for all the resonance frequencies. For convenience of viewing, the results of Fig. 3 are presented by three pairs of curves corresponding to 645 and 991 Hz (a), 359 and 459 Hz (b), and 98 and 210 Hz (c), respectively. In Fig. 3(c) , the downward arrows indicate the locations of the sampling points A-D. Additionally, P.A. and P.N. indicate the locations of the sound pressure antinodes and node for the case of fϭ210 Hz, respectively.
Based on the calculated results, the maximum values of sound pressure amplitude P s,max were determined. The values of P s,max and associated sound pressure levels, SPL are presented in Table 2 The results of Fig. 3 and Table 2 reveal that the sound pressure amplitudes at the wave antinodes are larger than those at the measurement point. Obviously in Fig. 3 , at frequencies of 98 and 210 Hz, the sound pressure is much larger than at the other frequencies. In an attempt to explain the reasons for existence of such big particles in the sonoprocessing chamber, we estimated the size of the biggest particle under the present flow condition in the sonoprocessing chamber. It is well known that a particle, suspended in an upward gas flow, can rise up only when the vertical component of gas velocity, V, exceeds the particle terminal velocity, V T . For a spherical particle of small Reynolds number, that is ReϽ0.1, V T can be given by the following equation. Here, r p is the particle density, d p is the particle diameter, m is the dynamic viscosity of gas, g is the acceleration of gravity. In Eq. (5), r p and m are dependent on temperature which varies over the sonoprocessing chamber.
Particle Characteristics and Gas Flow Conditions inside the Sonoprocessing Chamber
By making V T equal to the vertical component of gas velocity, V, one can calculate the diameter of biggest particle, d p,M , which can be suspended by the upward-flowing gas stream at the given gas velocity. In the calculations, the dynamic viscosity and density of Ar, and the density of Zn were taken as the associated functions of temperature. 17) However, since high temperatures in the sonoprocessing chamber made it impossible to measure the gas velocity in the working space directly, we made an attempt to predict the velocity distribution from the results of numerical simulation by using the commercial CFD code PHOENICS (Version 3.4). The simulation was conducted on the basis of the standard k-e turbulence model for a non-isothermal gas flow with allowance for buoyancy force due to the temperature dependence of gas density. In the calculation, the working space was divided into non-uniform grids of 70ϫ20 computational cells in the axial, z, and radial, r, directions, respectively.
The boundary conditions were set according to the experimental conditions as following. where U and V are the radial and axial velocities of gas, T is the temperature, P is the pressure. Subscript a indicates the atmospheric pressure, that is 1.013ϫ10 5 Pa. The vertical velocity of gas at the gas inlet corresponds to the superficial velocity calculated for the Ar gas flow rate of 4.76ϫ10 Ϫ5 Nm 3 /s at Tϭ1 060 K. The temperature at the side and top walls was set according to measurement values.
Analysis of the calculated results reveals that the temperature gradient along the height of the working space gives rise to buoyancy forces that drive a vigorous convection inside the working space. Figure 5 presents the velocity vector field over the computational domain. For the sake of convenience, the figure is stretched by 5 times in the radial direction relative to the vertical direction. The inset in Fig.  5 displays the axis scales in the z and r directions, respectively. As seen in Fig. 5 , in the working space, there are two big circulatory loops with the upward flow along the domain centerline and downward flow along the domain walls. Between the loops there is a stagnant zone at which gas velocity is so small that the corresponding vectors can not be seen in Fig. 5 at the given velocity scale. In the first loop at the center line, the vertical component of gas velocity is significantly increased with increasing the distance from the gas inlet. For example, at a distance of about 0.20 m above the gas inlet, the velocity is as large as about 0.25 m/s on the centerline. Once the gas flow reaches the level of sampling point A, it turns to the side wall and moves down along the wall to the perforated disk. Therefore, a considerable part of the Zn particles can be involved in the recirculatory motion before they leave the sonoprocessing chamber through the sampling tube A. This phenomenon should be favorable for enhancement of particle agglomeration because of longer residence time of particles in the chamber.
Substituting the numerically predicted values of the centerline velocity for V in Eq. (5), we calculated the diameter of the biggest particle, d p,M . The result of the calculation is shown in Fig. 6 together with the maximum particle diameter obtained from the experiment. In the figure, the solid line represents the predicted dependence of d p,M on the distance, z, from the perforated disk. The experimental data are the results of SEM analysis of the particles trapped on the quartz plate for 5 minutes at the distances, z, corresponding to the sampling points D, C and A. As seen in the figure, the numerically predicted values of d p,M agree well with the experimental observations. The size of smallest particles in the sonoprocessing chamber was estimated also from SEM images of particles trapped on the quartz plate. Figure 7 shows a typical SEM view of smaller particles adhered to the surface of larger one. Although the size of smaller particles is varied in a wide range, the size of smallest particles can be estimated as 0.1 mm in order.
Variation in Particle Size Distribution with Sound
Frequency Figure 8 presents cumulative frequency distributions, F, for various sound frequencies, f, at a constant input electrical power, R i ϭ130 W, supplied to the loudspeaker. The corresponding values of measured and corrected sound pressure amplitude have already been presented in Table 2 . Each of these curves was plotted by averaging the results of three measurements, at least.
As seen in the figure, under application of lower frequency sound waves, that is fϭ98 Hz, the particle distribution is similar to that without sound application. On the other hand, at frequencies of 210 and 991 Hz, the cumulative distribution curves are markedly shifted to the right, and the particle agglomeration effect is considerable under these conditions. The curves for fϭ359, 459 and 645 Hz are intermediate between the curves of the first and second groups, and the effect of sound application on the particle agglomeration is moderate at these frequencies.
Variation in Concentration of Particles in Exhaust
Gas with Sound Frequency Figure 9 presents the relationship between sound frequency and the total number of particles, N, trapped by the water bubbler during experiments performed at the same conditions as those of Fig. 8 . The total number of the trapped particles is assumed to be proportional to the particle number density inside the sonoprocessing chamber at the level of sampling point. Therefore measurement of N can give additional information about the effect of sound wave on the particle agglomeration. For the convenience of comparison, N is divided by the total number of particle, N 0 obtained in the absence of sound application. The results of Fig. 9 reveal that application of sound waves resulted in an appreciable reduction in the total particle number for all frequencies tested in the present study. The reduction looks especially significant at frequencies of 98, 991 and 210 Hz, at which values of N/N 0 are equal to 0.24, 0.38 and 0.40, respectively. The considerable decrease in the total particle number at fϭ210 and 991 Hz is consistent to the results of the particle distribution presented in Fig. 8 . The decrease in N/N 0 accompanied by the increase in d M at these frequencies strongly suggests the phenomena of acoustically enhanced agglomeration of particles. A SEM photograph presented in Fig. 10 gives an idea about the size and shape of particles formed under sound application at the frequency of 210 Hz. The particles were collected on the quartz plate at the sampling point A. Comparing Fig. 10 to Fig. 4(a) for particles trapped without sound application, one can confirm that the sound application results in the formation of particle agglomerate clusters of chain-like form.
It is of interest to compare the total weight of particles trapped by the bubbling technique in the experiments with and without sound application. The weight can be expressed as Eq. (4) (6) where r Zn is the Zn density. Index i denotes the class of the sample size distribution. Although only a part of the particles can be trapped and analyzed by the method employed, it is reasonable to assume that the total weight of trapped particles, W is proportional to the weight concentration of particles suspended in gas at the level of sampling point. Figure 11 is a plot of W/W 0 versus sound frequency at the same loudspeaker input power, R i ϭ130 W. The ratio of W to W 0 , where subscript 0 denotes no sound condition, indicates the variation in the weight of trapped particles relative to the values obtained without sound application. Bars represent the standard error of the mean. The significant decrease in the particle weight is observed at all the frequencies tested. Within the frequency range between 210 and 991 Hz, the decrease in W is varied from 30 to 60 %, while W/W 0 seems to be not affected so much by frequency in this frequency range although a wide scatter of the data does not allow more detailed consideration regarding the effect of frequency on the weight of trapped particles. The decrease in W/W 0 with sound application can be attributed to the following. As shown above, the application of sound waves at the frequencies of 210-991 Hz results in the particle agglomeration. A part of agglomerated particles can drop down to lower parts of the sonoprocessing chamber because the terminal velocity of particles increases with their diameter.
However, the very low value of N/N 0 and W/W 0 at fϭ98 Hz shown in Figs. 9 and 11 can not be explained only by the particle enlargement because no agglomeration effect was found at this frequency. Possibly the decrease in particle number density at fϭ98 Hz is related to a strong convective flow produced by the loudspeaker when it operates at the low frequency. Because the flow is directed downward from the loudspeaker diaphragm, it can influence the path of particle motion inside the sonoprocessing chamber in such a way that the particles are not able to reach the upper levels of the chamber although additional measurements are needed to confirm this possibility.
Effect of Sound Pressure on the Particle Behavior
A series of experiments was carried out to examine the effect of sound pressure on the particle size and concentration. Figure 12 shows particle size, d i (iϭ10 %, 50 % and 90 %) and relative number density of particles, N/N 0 , plotted versus maximum amplitude of sound pressure in the working space at a fixed frequency of 210 Hz. In the figure, d 10 % , d 50 % and d 90 % are the characteristic diameters at which the cumulative frequencies, F are equal to 10, 50 and 90 % respectively. Obviously in the figure, the characteristic diameters increase with the increase in sound pressure, while the particle total number decreases as sound pressure becomes higher. Figure 13 is a plot of the relative total weight of trapped particles versus sound pressure amplitude at fϭ210 Hz. The values of W/W 0 were determined in the same manner as those in Fig. 11 . Despite the large scatter in the measurement results in Fig. 14, apparently, indicates that the waves of higher sound pressure cause more intense agglomeration of particles. Thus, the results of Figs. 11-13 reveal that the particle concentration in exhaust gas tends to decrease as the sound pressure increases, while the frequency has less pronounced effect on the particle concentration under the present experimental conditions. Except the frequency of 98 Hz, the obtained decrease of particle concentration with sound application can be attributed to the acoustically enhanced agglomeration of particles.
Discussion
Prediction of Particle Agglomeration Rate by the
Orthokinetic Mechanism According to the orthokinetic mechanism, when a particle is exposed to a sound wave, the oscillatory motion of gas in the sound wave forces the particle to oscillate with the same frequency. Because of a large difference in density between the gas and particle, displacement of particle, a p , from its initial position differs from that of gas, a in amplitude and phase according to Eqs. (7) and (8) . (8) where A and A p are the amplitudes of gas and particle oscillations, w is the angular frequency of the sound wave (=2pf), f is the sound frequency, j is the phase shift between gas and particle oscillations. If the particle is enough small to obey the Stokes's law (ReϽ0.1), the ratio, h, of A p to A and j can be expressed by the following equations where Re is Reynolds number for the particle motion (=Awd p r g /m g ); t is the particle relaxation time; d p is the particle diameter; r g and r p are densities of gas and the particle respectively; m g is the gas dynamic viscosity. The ratio, h, is termed the "entrainment coefficient". Figure 14 presents h as a function of particle diameter for the smallest and largest frequencies of the present experiments and for two temperatures which correspond to those of the lower and upper parts of the working space. It is notable in the figure that entrainment of particle by sound wave is enhanced at higher temperature. At the low frequency in this figure (98 Hz), oscillation amplitude of particle is practically not different from that of the sound wave even for particles as big as 10 mm. On the other hand, at the high frequency of 991 Hz, h is drastically decreased as particle size increases. Under this condition, the particles of different sizes are expected to oscillate with different amplitudes.
Since the real dust is a mixture of particles with various sizes, smaller particles can be oscillated vigorously by sound wave of a certain frequency, while larger particles can remain stationary under the same condition. This promotes collision and agglomeration of particles. Figure 7 presents some experimental evidence that particle agglomeration occurs by the orthokinetic mechanism. In the figure, the large agglomerate is probably formed as a result of acoustically driven collisions between a big particles of d p ϭϳ5 mm and small particles of d p ϭ0.1-0.5 mm. The basic principles of the orthokinetic model has been reported in the literature (for example 6, 18) ). The model is based on the above described concept of collision between small and large particles due to a relative motion induced by sound oscillations. Quantitatively, the collision is expressed by a parameter called "collision kernel". Following Hoffmann, 18) after some rearrangement, the collision kernel, b i, j can be given as the following function of particle diameters, d i and d j , particle entrainment coefficients, h i and h j , and the acoustic velocity, U a ............ (12) The physical meaning of b i,j is the frequency of collision between two particles of different sizes when number densities of the both particles are unity. It should be noted that Eq. (12) has been derived under some simplifications because it does not account for the phase shift in oscillations of differently sized particles that obviously must exist as it follows from Eqs. (10) and (11) . Another point to be made here is that the collision kernel is often termed as "agglomeration kernel" in the literature because each collision of particles is assumed to result in their agglomeration. In the present study, we do not distinguish the collision phenomenon from the agglomeration one too that suggests the same values of collision and agglomeration rates. Multiplying b ij by the number densities of i-th and j-th particles, n i and n j , we obtain the rate of collision between particles of i-th and j-th sizes in unit volume. Then, one can easily derive the total collision frequency, Y c , for given d i and n i where indices i and j run from 1 to M.
.... (13) Factor 0.5 is needed in order to offset summing the collisions of each pair of particles twice. Thus, with regard to the above assumptions, Y c presents the agglomeration rate between all particles included in the given particle population. Then, taking into account that the particle number density, n, given as the product of particle size distribution, s, and total number density of particles, n T , we can rewrite Eq. (13) as ........ (14) In this equation, the amplitude of acoustic velocity, U a , can be expressed through the measured values of sound pressure amplitude, P s , by the following relation. (15) where c is the sonic velocity, r is the gas density.
Explanation on the Effects of Sound Waves on the
Particle Behavior The Eqs. (14) and (15) provide a useful information for explanations of the experimentally found influence of sound pressure and frequency on the particle behavior. According to these equations, the particle agglomeration rate is proportional to the amplitude acoustic velocity, U a , which is related to the sound pressure amplitude. It is well known from the theory of sound waves 14) that sound pressure antinode, where the sound pressure amplitude reaches its local maximum, is always coincident with acoustic velocity node, where acoustic velocity amplitude reduces to zero, and vice versa.
In the case of the present experiments, according to the results of Fig. 3 , the acoustic velocity amplitude should be increased from 0 at the perforated disk (zϭ0) to its first maximum value at 1.02 m at f ϭ98 Hz and 0.57 m at f ϭ210 Hz. In the case of f ϭ98 Hz, the distance of 1.02 m locates higher than the sampling point A. This means that the zone, where the acoustic velocity amplitude can reach a larger value at f ϭ98 Hz, is beyond the sampling position. This may be one of the reasons why no particle agglomeration enhancement was observed at this frequency in Fig. 8 . On the other hand, at f ϭ210 Hz, the zone of large acoustic velocity amplitude, U a , locates below the point A. This situation can lead to the apparently large effect of sound on the particle agglomeration at this frequency. As a result of particle agglomeration, a part of them falls to the bottom parts of the sonoprocessing chamber resulting in a significant reduction of particle weight concentration in exhaust gas which is the most essential result of the present study.
It is noted that the qualitative aspects of the present results of the sound pressure effect are in good agreement with those published in the literature. Tiwary and Reethof 19) found that particles of initial diameter of 5 mm grew faster when exposed to acoustic fields of higher sound pressure levels. The sound frequency and pressure levels tested were 2000 Hz and 140-160 dB, respectively. In one of the earlier studies, Shaw et al. 20) investigated the acoustical agglomeration of aerosols the size of which was ranged from 0.17 to 2 mm . Their results revealed that the mass rate constant of aerosol removal from gas was drastically increased with the standing-wave nodal-point under the condition of sound intensity ranged from 135 to 155 dB at the frequencies of 640-1700 Hz.
In the present study, at frequencies of 359, 459 and 645 Hz, the effect of sound waves on the particle agglomeration looks not so strong. This could be explained by rather small values of U a ,, suggested from Fig. 3 . However, the enhancement of particle agglomeration at f ϭ991 Hz as compared to that at f ϭ645 Hz suggests that the effect of frequency itself on the particle agglomeration rate may exist under the present experimental conditions. Although the effect of frequency has been briefly discussed for single particles in the section 4.1, additional comments should be made here. In the Eq. (14) , the frequency effect is expressed in terms of the difference in the entrainment coefficients h i and h j which are dependent on frequency and particle diameter according to Eqs. (9) and (10) . However, because the value of ͉h i Ϫh j ͉ for each couple of particles is multiplied by the collision diameter ͉d i ϩd j ͉ and by fractions of i-th and j-th particles, s i and s j , respectively, the effect of sound frequency is expected to be strongly dependent on the particle size and particle distribution both of which vary with location inside the sonoprocessing chamber and probably with time. A lack of the information about this variation makes more detailed analysis of the frequency effect difficult. Nevertheless, it is reasonable to expect for a given particle population that if the sound frequency is too low, all particles are oscillated with the same amplitude and no particle collision can occur. In this case, an increase of frequency can promote the particle agglomeration due to the fact that the difference in oscillation amplitudes of comparatively small and large particles should be increased with the frequency. However, if the frequency exceeds over a certain value, the oscillation amplitudes of the particles should be drastically decreased. Thus, there must exist the most effective frequency which is dependent on the particle population characteristics. Therefore, although this assumption needs to be carefully tested by additional experiments, it can be concluded that the sound frequency should be optimized with respect to particle size distribution in order to obtain a better effect of sound waves on the particle agglomeration.
Conclusions
A possibility for controlling the size and concentration of dust particles in high temperature exhaust gas by exposing them to resonance standing sound waves was investigated experimentally. Six resonance frequencies within the range of 0-1000 Hz were chosen for the experiments because they provide comparatively high values of sound pressure in the working space. The results of the study are summarized as follows.
(1) Due to the occurrence of resonance oscillations in the working space there was a strong dependence of the sound pressure amplitude on the sound frequency. The examined frequency range can be subdivided into three regions: lower frequencies, f ϭ98 and 210 Hz, at which sound pressure amplitudes are large, intermediate, f ϭ359-645 Hz, and higher frequencies, f ϭ992 Hz, both of which yield much smaller values of the sound pressure amplitudes.
(2) In the low frequency region, a significant enhancement of particle agglomeration was obtained at the frequency of 210 Hz. The enhanced agglomeration resulted in a considerable decrease of particle weight concentration supposedly due to falling the enlarged particles to the lower parts of the sonoprocessing chamber. For example, at this frequency a 50 % increase in particle size, a 60 % decrease in particle number density and about 40 % decrease in particle weight concentration in exhaust gas was gained under a sound pressure level of 160 dB as compared to the corresponding values in the absent of sound application.
(3) At the intermediate frequencies, the effect of sound waves on the particle size and number density was much smaller as compared to that at 210 Hz because the reduction in sound pressure level to 142-144 dB. The further increase in frequency up to 992 Hz resulted again in a essential enhancement of particle agglomeration although the sound pressure level at this frequency was only 143 dB.
(4) The obtained experimental data can be well explained by the orthokinetic mechanism of particle agglomeration. According to the mechanism, firstly, particle collision rate in a sound wave varies directly as the amplitude of acoustic velocity, which in turn is proportional to the sound pressure amplitude. Secondly, the effect of frequency on the particle collision rate is rather complicated because it depends on the particle size distribution.
It must be emphasized that the above conclusions are mainly based on analysis of particles collected at one level inside the sonoprocessing chamber by the bubbling technique allowing the particles in the range of 1-20 mm to be analyzed. However, analysis of particles trapped by the quartz plate reveals that the particle size is varied in a wider range, from 0.1 to 80 mm. Furthermore, the particle size distribution can be changed from one level to another due to the temperature gradient inside the sonoprocessing chamber. Therefore, the temperature is expected to be one more important parameter for the particle agglomeration process. Experimental verification of the temperature effect will be the subject of our further investigations.
